The occurrence of oxidative stress and oxidative damage in the halophyte Mesembryanthemum crystallinum during C 3 /crassulacean acid metabolism (CAM) transition evoked by salinity and high irradiance was investigated. The hypothesis tested was that CAM induction will effectively protect M. crystallinum against oxidative damage even under additionally applied oxidative stress via ozone (150 p.p.b.) exposure. Salinity (0.4 M NaCl), high irradiance and ozone induced the cytosolic CuZn-superoxide dismutase (SOD; EC 1.15.1.1) transcript abundance and activity indicating oxidative stress. However, ozone did not induce CAM. Contrary to the hypothesis, that ethylene may be involved in CAM induction, gassing with ethylene (200 p.p.b.) did not lead to CAM, but revealed that in M. crystallinum ethylene biosynthesis is induced by autostimulation. A putative fragment of the hitherto unknown nucleotide sequence of 1-aminocyclopropane-1-carboxylate oxidase (ACC; EC 4.4.1.14) was isolated and used as a specific probe against the ACC oxidase transcript to monitor oxidative damage. Ozone exposure increased the ACC oxidase expression only in plants with C 3 -photosynthesis which also showed severe necrosis and reduced photosynthetic activity, whereas plants in CAM mode (salt induced) remained unaffected. Natural stressors such as salinity and high irradiance induce CAM and up-regulate the ARS component CuZn-SOD very effectively to protect M. crystallinum from oxidative damage even when additional oxidative stress such as ozone is present.
INTRODUCTION

Induction of CAM in Mesembryanthemum crystallinum
During its life cycle the C 3 /Crassulacean acid metabolism (CAM) intermediate plant Mesembryanthemum crystallinum (common ice plant, Aizoaceae, Mesembryanthemaceae ) is exposed to reduced water availability in its natural habitat (Winter & Lüttge 1979) , promoted by drought, salinity and high irradiance, which lead to the enhanced expression of CAM. In addition, the switch to CAM is determined by age-dependent development due to its genetic programme (Cushman & Bohnert 1999) . In response to these stimuli M. crystallinum switches from C 3 -photosynthesis to CAM, showing increases in the transcript level of phosphoenolpyruvate carboxylase (PEPC) and nocturnal accumulation of malate as indicators of CAM induction and expression, respectively (Lüttge 1993; Cushman & Bohnert 1999) . The determination of the state of photosynthesis is substantial for interpretation of experimental results obtained from studies on M. crystallinum .
Typically the photosynthetic gas exchange pattern of CAM consists of four phases (Osmond 1978) . The temporal separation of CO 2 -fixation, accompanied by storage of malate in the vacuole (phase I) and assimilation of CO 2 in the photosynthetic carbon reduction cycle (phase III), which is released from malic acid behind closed stomata, allows CAM plants to reduce transpiratory water loss (Kluge & Ting 1978) . Regarding the results of Spalding et al . (1979) high internal CO 2 -concentrations in phase III resulting from malate decarboxylation repress photorespi-ration, due to a generally low O 2 /CO 2 -ratio in CAM plants. However, while the nocturnally accumulated CO 2 is used up, high oxygen partial pressure may develop before stomata reopen (phase IV), giving a high potential for oxidative stress (Osmond & Grace 1995; Lüttge 2002 ).
Oxidative stress is indicated by CuZn-SOD transcript amount and activity
The phenomenon of oxidative stress is defined as an excess of reactive oxygen species (ROS) occurring in the life of any aerobic organism. ROS ( (Cadenas 1989; Alscher, Donahue & Cramer 1997) . In the chloroplast, a major source of ROS (Asada 1994) , O 2
•-is released during the transfer of electrons on molecular oxygen (O 2 ) from photosystem I (PSI) or ferredoxin (Fd) (Mehler reaction; Mehler 1951) . Oxidative damage from O 2
•-is suppressed by the action of superoxide dismutases (Foyer & Harbinson 1994) , which form the antioxidative response system (ARS), contiguous to the ascorbate-glutathion cycle (Halliwell-Asada pathway, Asada & Takahashi 1987) , peroxidases, catalase and pigments (carotinoids, a -tocopherol). The water-water cycle including the Mehler reaction is a mechanism that protects the photosynthetic apparatus from irreversible damage and is therefore viewed as a mechanism of photoprotection (Asada 1999) . Disturbances in the redox-state of the cell can be caused by drought (Biehler & Fock 1995) , salinity (Cheeseman et al . 1997) , high irradiance (Osmond & Grace 1995) , and senescence (Kingston-Smith, Thomas & Foyer 1997) and may lead to oxidative damage. Air pollutants such as ozone increase the presence of ROS in plants and are known to cause damaging effects on photosynthetic organelles (Mehlhorn, Tabner & Weelburn 1990; Okpodu et al . 1996) . In M. crystallinum a cytosolic CuZn-SOD isoform has been found, and Fe-SOD and Mn-SOD have been detected in chloroplasts and mitochondria, respectively (Miszalski et al . 1998) . Emig et al . (1998) isolated a fulllength clone of the CuZn-SOD isoform with a sequence of 775 nucleotides, predicting a 16 kDa protein. Since CuZn-SOD is regulated at the transcript level and due to its central role within the ARS (Madamanchi et al . 1994 ) the cytosolic CuZn-SOD mRNA amount combined with the determination of enzyme activity, can be used as an indicator for oxidative stress, resulting from treatment with various environmental stressors, as shown by Broetto, Lüttge & Ratajczak (2002) .
Oxidative damage is indicated by ACC oxidase expression
Ethylene is one of the five 'classical' phytohormones, regulating various processes in plants (for review: Kende & Zeevaart 1997) , either in an antagonistic or synergistic manner with other phytohormones. The last step of ethylene biosynthesis is catalysed by the ethylene-forming enzyme ACC oxidase (ACC; EC 4.4.1.14) from the precursor 1-aminocyclo-1-propane-carboxylate (Yang & Hoffmann 1985) . The feed-back regulation of ethylene biosynthesis can either follow autostimulation (Ievinsh et al . 1990) or autoinhibition (Sawamura & Miyazaki 1989) and acts at the level of gene expression (Kende 1993) . Ethylene plays a distinct role in response to biotic and abiotic forms of stress and can therefore be viewed as a stress hormone and mandatory participant in the development and expression of oxidative damage (for reviews see: Abeles, Morgan & Salveit 1992; Kende 1993; Fluhr & Mattoo 1996; Wang, Li & Ecker 2002) . The air-pollutant ozone (Pell, Schlagnhaufer & Arteca 1997; Langebartels et al . 2002) has been solely found to increase ethylene emission, whereas NaCl, similar to high light levels, increases ethylene emission in some plants but decreases it in others (Bassi & Spencer 1983; Chrominski, Weber & Smith 1986a; Chrominski et al . 1986b; Arteca & Bachmann 1987) . Due to the central role of ethylene in abiotic stress and oxidative damage (Larkindale & Knight 2002; Rao, Lee & Davis 2002; Overmyer, Brosché & Kangasjärvi 2003 ) the ACC oxidase is an appropriate indicator for oxidative damage.
The parameters described above allow the determination of the mode of photosynthesis, the state of oxidative stress and the possible occurrence of oxidative damage in plants of M. crystallinum . We employed the environmental constraints 'salinity' and 'high irradiance' to induce CAM, while studying the antioxidative response of M. crystallinum during the C 3 /CAM transition. Our first hypothesis was that CAM will provide effective protection against oxidative damage, irrespectively of the applied oxidative stressor. To test for this hypothesis, we included ozone, as the most phytotoxic air pollutant, and ethylene as the plantinternal signal molecule for oxidative damage in this study. With respect to ethylene, a second hypothesis was tested: Since accumulation of abscisic acid (ABA), which was proposed to be involved in CAM induction (McElwain, Bohnert & Thomas 1992) , is induced by ethylene, we hypothesized that the phytohormone ethylene is involved in the signalling of the C 3 /CAM transition in M. crystallinum .
MATERIALS AND METHODS
Plant material
Seeds of M. crystallinum from the collection of the Botanical Garden in Darmstadt were germinated in the greenhouse in a 50% mixture of sand and soil (Type ED-73 DIN 11540-80 T), separated after germination and then grown in soil. At the age of 3 weeks, after the appearance of the third leaf pair, the plants were transferred to a climateregulated growth chamber with a 12 h day and 12 h night cycle at an irradiance of approximately 300 m mol quanta m -2 s -1 (PAR; photosynthetically active radiation, l = 400-700 nm) at plant level, provided by HQI-T 400 W daylight lamps (Philips, Munich, Germany). Temperature and relative humidity were 27 ∞ C and 60% during the day and 20 ∞ C and 80% during the night. All plants were grown under those conditions until subjected to the various environmental stress treatments at the age of 5 to 6 weeks.
Experimental design and treatments
For the salinity treatment plants were kept under unchanged conditions but were irrigated with 0.4 M NaCl. Correspondingly for high light experiments PAR levels were increased to approximately 1000 m mol quanta m -2 s Thiel et al . 1996) . Control plants irrigated with water (performing C 3 -photosynthesis) and salt-treated plants (performing CAM due to irrigation with 0.4 M NaCl for 5 d prior to ozone exposure) were gassed with 150 p.p.b. ozone in purified air for 7 d/24 h.
Leaf sampling
One hour after onset of illumination both leaves of the third leaf pair from two individual plants were combined to one sample (a total of four leaves), and frozen in liquid nitrogen. From these samples plant material for total RNA extraction was ground in liquid nitrogen, and stored at -80 ∞ C. Isolation of total RNA followed the protocol of Logemann, Schell & Willmitzer (1987) . RNA samples were dissolved in de-ionized formamide and stored at -80 ∞ C. Additional samples for malate determination were taken as leaf discs 4 h before the end of the light period, frozen in liquid nitrogen and stored at -20 ∞ C. Differences above 5 m M between night and day malate concentrations in the cell sap ( D malate), measured according to Möllering (1985) , were taken as an indicator of CAM expression.
Non-radioactive northern analysis
Non-radioactive northern analysis was carried out according to Löw & Rausch (1994) using 15 m g of total RNA. Hybridization temperature for all probes was 42 ∞ C. A high-stringency wash was performed at 54 ∞ C for probes against PEPC and CuZn-SOD, at 55 and 58 ∞ C for the probe against ACC oxidase and 18S rRNA, respectively.
Probes against PEPC, CuZn-SOD, ACC oxidase, and 18S rRNA
For the detection of mRNA for PEPC a cloned and sequenced cDNA-fragment of the CAM species Kalanchoë grandiflora was used as a DNA probe (Gehrig, Heute & Kluge 1998 ). The homologous DNA probe directed against the cytosolic CuZn-SOD of M. crystallinum was amplified from the full length cDNA clone isolated by Emig et al . (1998; plant gene register PGR98-20) . To determine the loading quantity of RNA a homologous DNA probe directed against 18S rRNA was used, as described by Rockel et al . (1998) . The homologous DNA probe against mRNA of ACC oxidase was amplified by polymerase chain reaction (PCR) from cDNA of M. crystallinum plants using mixed oligonucleotide
primers (GC[C/T]TTCAT[G/A/T/C]GC [C/T]TCAAA[C/T]CT[G/T/C]GGC as upstream primers and GG[A/G]A[G/A/C]AGCAC[C/T]TT[C/T]T[A/T]C[C/ T]T[G/A/T/C]CG[C/T]C as downstream primers). The fragment was ligated into the vector pBluescript II SK+/EcoRV
and cloned in Escherichia coli/XL1-Blue (both purchased from Stratagene, Heidelberg, Germany). Sequence analysis of the putative ACC oxidase fragment showed high homology (60-80%) with ACC oxidases of the compared plant species and can therefore be stated as part of the cDNAsequence coding for the ACC oxidase in M. crystallinum (GenBank, Acc. No. Mc.ACO AF375993).
Quantification of northern blots
RNA extracts were examined in three repetitions from each experiment; Figs 1-5 present the respective mean values and standard deviations. Northern blots were scanned and analysed densitometrically (software: NIH-Image; National Institute of Health, Rockville, MD, USA). Since the portion of 18S rRNA related to total RNA is considered to be constant (De Leeuw, Slagboom & Vijg 1989) , amounts of transcript of PEPC, CuZn-SOD and ACC oxidase were normalized to the amount of 18S rRNA in the respective sample. As a second internal standard 15 m g of total RNA (mixture from different samples) was loaded on each gel to equalize the amounts of RNA of the same samples on different blots. Additionally, the calculated transcript values were corrected by a quotient mean value calculated from quotients of equal samples on parallel blots. The first value obtained for control plants in each experiment was set to 100%.
Determination of CuZn-SOD activity
Enzyme activity of CuZn-SOD has been determined by native polyacrylamide electrophoresis from preparations of soluble protein fractions as described by Broetto et al . (2002) .
Chlorophyll fluorescence
We determined the potential quantum yield of photosystem II ( F v / F m ) as a measure of photosynthesis functioning.
Therefore attached leaves at predawn conditions were measured by means of a pulse-amplitude modulation fluorometer (Mini-PAM; Walz, Effeltrich, Germany).
Statistical analysis
To test significant differences of mean values the t -test for dependent samples was used, thus the statistical analysis respects both factors time and treatment. Significant differences of mean at the level P = 0.05 presented in Figs 1-4 are labelled with asterisks (*) only comparing samples taken at the same time point.
RESULTS
Treatment with ethylene
In order to investigate the mode of feed back regulation of ethylene biosynthesis in M. crystallinum , C 3 -plants were gassed with 200 p.p.b. ethylene for 24 h before harvesting leaf samples. This experiment was also designed to check whether CAM is induced in M. crystallinum by exogenously applied ethylene. Furthermore, we examined whether ethylene increases the level of oxidative stress resulting in an up-regulation of CuZn-SOD expression in leaves of M. crystallinum as shown by Henry & Ananich (1985) for leaves of various species of Phaseolus . Similar to controls, the ethylene-treated plants performed C 3 -photosynthesis, since no increase in PEPC transcript level (Fig. 1a) or D malate values (Fig. 1b) were detected. Plants did not show any signs of damage such as chloroses or necroses due to ethylene treatment. In an additional experiment, simultaneously to salt treatment C 3 -plants were sprayed with 0.5 mL of 1 mM silverthiosulfate (STS), an inhibitor of ethylene action. In this experiment CAM expression could not be prevented (D malate values not shown). These observations allow the conclusion, that ethylene is not participating in CAM induction.
No induction of CuZn-SOD on transcript level (Fig. 1c ) was found either in ethylene-treated or in control plants. However, a significant increase in the transcript level of ACC oxidase was detected over 4 d after the end of treatment (Fig. 1d) . Six days after the ethylene exposure ACC oxidase transcript level returned to the amount found in the control plants. The latter experiment confirms the positive feed-back mechanism of ethylene biosynthesis in M. crystallinum.
Treatment with NaCl
Salt-treated plants showed CAM induction as indicated by a significant increase in PEPC transcript level (Fig. 2a) and increases in D malate values (Fig. 2b) , with day 2 after onset of NaCl treatment compared with control plants. Control plants entering developmentally induced CAM (an unavoidable process during plant ageing) showed no clear increase in transcript level for PEPC, while values of D malate above a level of 5 mM on day 9 of the experiment 
Rel. transcript amount for PEPC (%) indicated CAM expression. This has been repeatedly observed in experiments with plants entering developmentally induced CAM (data not shown). A significant two-to three-fold increase of CuZn-SOD transcript level was detectable on day 2 of salt treatment, with high levels during the whole experiment, whereas in control plants no induction of CuZn-SOD transcript level was observed (Fig. 2c) . Transcript levels of ACC oxidase in controls and salt-treated plants were increased 2 d after treatment compared with the values observed on day 0 (Fig. 2d) . Levels of ACC oxidase transcripts were significantly higher in control plants than in salt-treated plants at days 7 and 9 during the experiment. Along with the induction of developmentally induced CAM in control plants a decrease in ACC oxidase transcript level could be detected. RNA isolations and cell sap analysis of plants of an equivalent salt treatment experiment (data not shown) showed the same pattern in all parameters investigated. These results allow discrimination between oxidative stress and oxidative damage in control plants and salt-treated plants of M. crystallinum.
Treatment with high irradiance
High irradiance induced CAM in M. crystallinum as indicated by a significant increase in PEPC transcript level (Fig. 3a) and increases in D malate (Fig. 3b) , with day 4 after onset of the treatment compared to plants under low light conditions. Control plants entering developmentally induced CAM showed no clear increase in transcript level for PEPC, while values of D malate above 5 mM on day 9 of the experiment indicated CAM expression. Induction and expression of CAM by high irradiance proceeded slightly more slowly than induction by salinity. Transcript levels of CuZn-SOD (Fig. 3c ) in high light-treated plants were significantly elevated on days 2 and 4, but decreased later towards the level detected in control plants. This decrease has been observed frequently in plants entering developmentally induced CAM (data not shown) and can be viewed as a consequence of plant ageing. Plants under high irradiance showed only minor changes in the ACC oxidase transcript level, whereas plants under low irradiance exhibited significant changes in ACC oxidase transcript level ( Fig. 3d) with a maximum at day 4, which was probably caused by an unknown environmental stimulus. ACC oxidase transcript level of control plants later gradually declined towards the transcript level of high light-treated plants, indicating that C 3 /CAM transition in control plants was already induced (Fig. 3b) . Plant material from an equivalent experiment of treatment with high irradiance (data not shown) revealed the same pattern in all parameters investigated. Similar to the salt experiments, these results allow discrimination between oxidative stress and oxidative damage in plants under low light and high light conditions.
Treatment with ozone
In the following two experiments we compared the influence of the anthropogenic stressor ozone on plants per- 
forming C 3 -photosynthesis (irrigated with tap water) and plants with NaCl-induced CAM with special respect to plant metabolism and the state of oxidative stress and damage, respectively. In the first experiment, the effect of 150 p.p.b. ozone on plants with C 3 -photosynthesis was studied. In C 3 -plants PEPC transcript amounts (Fig. 4a) and D malate values (4.1 and 2.1 mM malate in control and ozone-treated plants, respectively, at day 7) remained low, indicating that CAM was not induced due to the ozone treatment. On the other hand, transcript levels of CuZn-SOD (Fig. 4b ) and ACC oxidase (Fig. 4d) as well as CuZn-SOD activity (Fig. 4c) showed a significant increase starting on day 2 of ozone treatment, indicating the occurrence of oxidative stress and oxidative damage. This was confirmed by assessing photosynthetic functioning, measured as potential quantum yield of electron transport (F v /F m ), with values of control plants (0.84 ± 0.02) being reduced to 0.58 ± 0.14 after 7 d ozone treatment (means ± SD, n = 7, P < 0.001). Consequently, ozone-treated plants developed visible signs of leaf chloroses and necroses, which were not observed in the control. Symptoms of ozone treatment, such as necroses and a reduction in potential quantum yield of electron transport was already observed in plants under 50 and 100 p.p.b. ozone (data not shown).
In the second experiment, we examined the cross talk between the two stressors NaCl and ozone in salt prestressed plants. In NaCl-treated plants CAM induction and expression were confirmed using PEPC transcript level and D malate values prior to the ozone exposure (data not shown). The transcript level and enzyme activity of CuZn-SOD of CAM plants were already elevated above the level found in control plants, while the transcript level of ACC oxidase in NaCl-treated plants was found to be lower than in control plants (cf. Fig. 2 ). The additional application of 150 p.p.b. ozone did not change either the transcript levels of ACC oxidase or CuZn-SOD transcript level and enzyme activity (Fig. 5a-c) in comparison with salt-induced plants (performing CAM) exposed to purified air. Consequently, CAM-induced plants exposed to 150 p.p.b. ozone did not exhibit leaf chloroses or necroses. Furthermore, their potential quantum yield of electron transport remained unaffected (F v /F m values of 0.84 ± 0.01 and 0.84 ± 0.00 for control and ozone-exposed plants; means ± SD, n = 6, P > 0.2).
DISCUSSION
In the present study we compared the natural stressors salinity and high light with the anthropogenic stressor ozone with respect to the induction of CAM, oxidative stress and oxidative damage. For this purpose we used PEPC transcript amount and malate accumulation as indicators for CAM induction and expression. Transcript amounts of CuZn-SOD and ACC oxidase were used as indicators for oxidative stress and oxidative damage, respectively. During the simultaneous treatment of plants with NaCl and ozone we examined the cross talk between these different stressors. Furthermore, we investigated the Increases in PEPC transcript amount and values of nocturnally accumulated malate allow the determination of the mode of CO 2 -fixation, namely CAM or C 3 -photosynthesis (Winter 1973; Winter & Lüttge 1979; Lüttge 1993; Cushman & Bohnert 1999) . This has to be done in each set of experiments, since variations in plant development and growth conditions may alter the C 3 /CAM transition timing (Winter & Gademann 1991) . 
Broetto et al. (2002) showed that in M. crystallinum CAM can be induced by high irradiance alone, which might be mediated via blue light (Grams & Thiel 2002 ). The present work confirms their (Broetto et al. 2002) results on D malate and in addition supports their findings by high light-induced increases of PEPC expression.
Ethylene and ozone do not induce CAM
Ethylene is known to induce ABA accumulation and ABA is suggested to be involved in the C 3 /CAM transition (McElwain et al. 1992) . Since there is some evidence that ABA and ethylene interact in their signal transduction pathways (Hansen & Grossmann 2000) , there may be a possible role of ethylene in CAM induction. We have tested for this hypothesis by applying ethylene exogenously on plants of M. crystallinum performing C 3 -photosynthesis. 
Expression of CuZn-SOD indicates oxidative stress
Plants treated with NaCl and high irradiance responded with an immediate (within 2 d) up-regulation of transcript amount for the cytosolic CuZn-SOD. However, Broetto et al. (2002) observed measurable increases in CuZn-SOD protein amount and activity measurable only several days after the induction of gene expression as determined in the present study. This phenomenon indicates that an increase in transcription is not necessarily followed by immediate induction of protein translation and could also be a result of high rates in protein turnover or high mRNA stability. According to previous studies, these increases in CuZn-SOD transcript, protein amounts and enzyme activity are caused by salt treatment and only coincide with CAM expression (Miszalski et al. 1998; Broetto et al. 2002) . On the other hand, drought-induced C 3 /CAM transition in Sedum album led to an increase of SOD activity in the absence of salt (Castillo 1996) , and is therefore indicating a possible role of CAM in the activation of this ARS component. From measurements of the gas exchange pattern (A. Haag-Kerwer, B. Herzog; personal communication) it is known that M. crystallinum under NaCl stress lacks phase IV (re-opening of the stomata for additional CO 2 -fixation in the afternoon when CO 2 remobilization from nocturnally accumulated malate has ceased). Plants may then suffer from CO 2 -deficiency behind closed stomata, leading to photoreduction of O 2 in the Mehler reaction (Asada 1994; Osmond & Grace 1995) . The resulting increase in O 2
•-makes the activity of CuZn-SOD and the ARS necessary to protect plants from oxidative damage. In this context the induction of CuZn-SOD can also be viewed as a result of salt stress-induced CAM. It should be noted that developmentally induced CAM in M. crystallinum leads to a decrease in CuZn-SOD transcript amount, as observed in control plants of the high light experiment (Fig. 3c) . This supports previous experiments in different plant systems, which reveal a down-regulation of CuZn-SOD due to agedependent development (Hurst & Ratajczak, unpublished results; Lee & Bennett 1982; Kardish et al. 1994; Kurepa et al. 1997) .
Gassing C 3 plants of M. crystallinum with 200 p.p.b. ethylene did not result in induction of CuZn-SOD expression, as found in leaves of Phaseolus (Henry & Ananich 1985) . In other studies (Mehlhorn 1990; Mehlhorn et al. 1990 ) it was suggested that an increase of ethylene emission is followed by up-regulation of CuZn-SOD and hence leads to the protection of plants from molecules inducing oxidative stress. Ozone has been defined as such a molecule in numerous studies (Sandermann 1996) . In the present work ozone also induced the expression and activity of cytosolic CuZn-SOD in C 3 -plants of M. crystallinum. When plants of M. crystallinum with NaCl-induced CAM are additionally gassed with ozone no further induction of CuZn-SOD expression or activity could be observed. Hence, it can be suggested that the maximum capacity for mRNA expression and enzyme activity was already achieved by salt stress. Similar observations were made by Broetto et al. (2002) when NaCl-treated plants were grown under high light.
ACC oxidase expression as an indicator for oxidative damage reveals cross talk between stressors
Autostimulation of ethylene emission via the induction of ACC oxidase expression as observed in winter rye seedlings (Ievinsh et al. 1990 ) could be confirmed for M. crystallinum in the present study. This fast induction of mRNA for ACC oxidase was sustained over 4 d, hence a short-term environmental factor such as ozone could quickly induce the ACC oxidase transcript amount on a measurably increased level, possibly even several days beyond the termination of stress application (Gutteridge & Halliwell 1990; Langebartels et al. 2002) .
As a consequence of NaCl and high light treatment, only lower amounts of ACC oxidase transcript were observed compared to control plants. Taking the self-inducing mechanism of the ethylene biosynthesis into account, it can be concluded that neither salinity nor high irradiance induce stress which is severe enough to force oxidative damage (Bowler, Van Montagu & Inzé 1992; Larkindale & Knight 2002) and subsequent ethylene evolution. Control plants in the salt and high light experiments showed a fluctuation in ACC oxidase transcript above the level of samples from day 0 prior to the treatment. This up-regulation may result from an undetermined environmental stimulus, since it is known that the expression of ACC oxidase responds very sensitively to air pollutants such as ozone and SO 2 (for review see: Abeles et al. 1992; Wang et al. 2002) . Plants previously treated with NaCl or high irradiance showed a much lower sensitivity for ACC oxidase expression than control plants. This allows the conclusion that plants with increased antioxidant potential as a consequence of a former stress application show greater resistance towards additionally applied stress, than plants without precedent stress treatment as it was already suggested by several authors (Malan, Greyling & Gressel 1990; Willekens et al. 1994; Alscher et al. 1997; Pell et al. 1997) . For M. crystallinum, it could be shown, that treatment of salt leads to upregulation of SOD activity, resulting in an increase of antioxidative capacity in plants additionally treated with high light (Miszalski et al. 1998; Broetto et al. 2002) .
To further test pre-stressed plants for their resistance to additional oxidative stress, M. crystallinum in C 3 -and salt stress-induced CAM mode were gassed with elevated ambient concentrations of ozone (150 p.p.b.) . Plants in C 3 -mode of photosynthesis did not only react with an increase in CuZn-SOD transcript amount and enzyme activity but also with a drastic increase in transcript amount for ACC oxidase. This indicates oxidative damage, supported by visible chloroses and necroses and a reduced potential quantum yield of electron transport. The latter increase was not observed in ozone-treated M. crystallinum plants performing CAM. Since ozone was applied during day and night, CAM plants are likely to have taken up ozone via the stomata during the night (and phase II). Thus, reduced stomatal conductance due to CAM is unlikely to be the only protective mechanism, since C 3 -plants showed first ozone symptoms already under 50 p.p.b. ozone.
The presented data give evidence that exposure to natural stressors, such as salinity and high irradiance leads to CAM induction, together with an up-regulation of transcript amount and activity of CuZn-SOD in M. crystallinum. Treatment with ozone as an anthropogenic stress did not induce CAM and led to significant oxidative damage in C 3 plants. In contrast, plants adapted to natural stress (in CAM mode) and additionally treated with ozone, did not exhibit signs of oxidative damage. This suggests, in agreement with our first hypothesis, that up-regulation of CuZn-SOD due to physiological stress effectively protects M. crystallinum from oxidative damage by the air pollutant ozone.
